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Do genetic factors contribute to sex-specific 
differences in resilience to amyloid 
pathology?
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This scientific commentary refers to ‘Sex differences in the genetic 
architecture of cognitive resilience to Alzheimer’s disease’ by 
Eissman et al. (https://doi.org/10.1093/brain/awac177).

The accumulation of the neuropathological hallmarks of 
Alzheimer’s disease, i.e. amyloid-β plaques and neurofibrillary tau 

tangles, is associated with neurodegeneration and cognitive de

cline, eventually resulting in mild cognitive impairment and de

mentia. However, some individuals show remarkable resilience to 

Alzheimer’s disease by retaining better cognitive performance 

than expected based on levels of pathology. This is illustrated by 

studies indicating that many nonagenarians and centenarians re

main cognitively healthy despite high levels of neuropathology.1

Inter-individual differences in resilience to Alzheimer’s disease 
are thus a robust finding in the literature but, due to the complex 
pathogenesis of Alzheimer’s disease, the mechanisms that under
lie this resilience are incompletely understood. Nevertheless, evi
dence is mounting that one’s genetic architecture might be 
instrumental in conferring resilience. For example, those who 
maintain high levels of cognitive health until extreme ages have 
lower polygenic risk scores for Alzheimer’s disease, indicating 
that they harbour fewer genetic variants associated with an in
creased Alzheimer’s disease risk and relatively more genetic var
iants that protect against Alzheimer’s disease.2

Furthermore, a recent genome-wide association study (GWAS) 
reported that a cluster of single nucleotide polymorphisms (SNPs) 

on chromosome 18 is related to resilience. The cluster is located up

stream of ATP8B1, which encodes the enzyme aminophospholipid 

translocase, highlighting the association between brain health 

and the transport of specific phospholipids from the extracellular 

space to the cytoplasmic leaflet.3 Accordingly, rare variants in the 

ATP8B4 gene, which also encodes a phospholipid transporter, 

were found to be associated with an increased risk of Alzheimer’s 

disease.4 Such findings may prove valuable in developing new 

therapeutic interventions to promote the maintenance of brain 

health.
Intriguingly, sex-specific differences in responses to brain path

ology have also been reported. While outcomes with regard to these 

sex-specific associations vary across assessments, several studies 

have now indicated that females accumulate pathology at faster 

rates than males,5 while at the same time females have also been 

shown to better preserve brain structure compared to males with 

similar levels of tau pathology.6 This suggests that females may 
have lower resistance to the accumulation of pathology but higher 
resilience to its downstream detrimental effects. The mechanisms 
underlying these sex-dependent associations between pathology 
and cognition are still unclear. In this issue of Brain, Eissman and 
colleagues7 investigate whether sex-specific genetic factors con
tribute to cognitive resilience against Alzheimer’s disease 
pathology (Fig. 1).

In any assessment of cognitive resilience, which is defined as 
the (im)balance between cognition and pathology, the selection of 
cognitive and pathological markers is key. In this work, the authors 
used amyloid-β as the pathological marker, which is commonly ob
served first in the Alzheimer’s disease neuropathological cascade 
(amyloid-β pathology → neocortical tau pathology → neurodegen
eration → cognitive decline) and typically becomes abnormal long 
before symptom onset. To obtain amyloid pathology measures, 
the authors harmonized two autopsy cohorts [Adult Changes in 
Thought (ACT); and Religious Order Study/Memory and Aging 
Project (ROS/MAP)], and two amyloid-PET cohorts [Alzheimer’s 
Disease Neuroimaging Initiative (ADNI) and Anti-Amyloid 
Treatment in Asymptomatic Alzheimer’s Disease (A4-study)]. 
This resulted in a total (i.e. autopsy and amyloid-PET combined) 
sample size of 5024 subjects (2093 males and 2931 females) includ
ing both cognitively unimpaired and impaired (mild cognitive im
pairment and dementia) subjects.

To measure the other essential component of cognitive resili
ence, namely cognitive performance, the authors assessed several 

sensitive markers of early Alzheimer’s disease-related cognitive 

decline. Using linear regression models, the authors then deter

mined for each participant the deviation of their cognitive perform
ance relative to what is expected based on their degree of amyloid 

pathology (i.e. the residual approach). An individual with better 

cognitive performance (Y variable) than expected based on their le

vel of amyloid pathology (X variable) is considered resilient, where

as poorer performance than expected indicates low cognitive 

resilience. In a second resilience metric, the authors additionally 

incorporated educational attainment. Of note, this combined resili
ence score, as well as educational attainment, were higher in 

males, whereas amyloid positivity and Alzheimer’s disease demen

tia were both more prevalent in females.
The primary analyses comprised sex-aware genetic analyses of 

cognitive resilience. On the autopsy and amyloid-PET datasets 
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individually, and for each cognitive resilience measure separately, 
the authors performed a sex-stratified GWAS and sex-interaction 
GWAS by comparing resilient individuals with non-resilient indivi
duals, whereafter the results were meta-analysed. They applied 
this approach to the entire sample; to cognitively unimpaired indi
viduals only; to the autosomal chromosomes; and to the X chromo
some only. Further, the authors focused on known Alzheimer’s 
disease-associated variants identified in previous case–control 
GWASs. To examine whether relationships between the polygenic 
architecture of resilience and the genetic architecture that predis
poses to a range of complex traits differ between the sexes, the 
authors performed genetic correlation analyses.

Across all comparisons, the authors identified a novel genome- 
wide significant female-specific locus on chromosome 10 
(rs827389), which was associated with a higher combined resilience 
score but only among cognitively unimpaired subjects. This locus is 
expressed in various tissues including foetal and adult cortex, and 
the locus maps within chromatin loops that interact with the pro
moter regions of multiple genes involved in RNA processing. 
These include GATA3, which is, in turn, associated with neuronal 
development, immune T-cell fate and amyloid autoantibody 

production. Using genetic correlation analyses, the authors found 
that higher resilience was associated with reduced genetic risk 
for autoimmune traits like lupus, multiple sclerosis and coeliac dis
ease among females, whereas increased genetic risk was observed 
among males. The identification of the immune-related locus on 
chromosome 10, in conjunction with the genetic correlation ana
lyses pointing towards autoimmune-related pathways, hints at 
possibilities for interventions targeting immune-related pathways 
in females specifically. For males, previously established 
Alzheimer’s disease genetic loci MS4A6A and SORL1 were asso
ciated with higher resilience, while PTK2B and KAT8 were asso
ciated with lower resilience; these associations were not observed 
in females. PICALM was associated with lower resilience in males 
and with higher resilience in females. Notably, the authors did 
not find an APOE-by-sex effect. Lastly, genetic correlation analyses 
revealed that possible targets to enhance resilience for males might 
reside in pathways relating to cardiovascular health, specifically 
heart rate variability.

The main findings thus suggest that sex differences in resilience 
to amyloid pathology may be driven by genetic factors. However, as 
the authors acknowledge, sex-specific genetic drivers of resilience 

Figure 1 Overview of the study and key findings of Eissman and colleagues.7
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need to be further explored in future studies, and the findings of the 
present study should be interpreted in light of some potential lim
itations. First, studying the genetic contribution to a complex 
phenotype like ‘resilience to amyloid pathology’ requires a large 
sample size, and amyloid-PET and autopsy datasets were pooled 
to feed into the resilience phenotype. This hampers the interpret
ability of genetic associations as there may be inherent differences 
between post-mortem autopsy cohorts and in vivo neuroimaging 
cohorts relating to differences in recruitment strategies and demo
graphic characteristics. Moreover, it should be noted that neuro
pathology does not equal ‘PEThology’.

Second, resilience was defined based on amyloid pathology. 
There is a long delay between the emergence of amyloid and the 
manifestation of clinical symptoms, and many downstream pro
cesses like neocortical tau accumulation and neurodegeneration 
occur after widespread amyloidosis. It is therefore unclear whether 
the sex-specific genetic drivers of resilience observed here 
are related to amyloid-β specifically or to (combinations of) the 
downstream processes. Further, amyloid pathology, especially 
cross-sectionally, is only modestly related to cognition. When de
termining resilience based on residuals, the association between 
predictor and outcome needs to be of sufficient magnitude to pro
vide an estimate of resilience that has substantially more predictive 
power than the original cognitive score on which the residual is 
based.8 The effects of sex-specific genetic drivers of resilience re
ported here may therefore be driven by differences in cognitive per
formance, rather than reflecting resilience to Alzheimer’s disease 
pathology. The operationalization of resilience using amyloid as 
the pathological marker could also explain why an APOE × sex ef
fect was not found, as the Alzheimer’s disease risk-modifying ef
fects of APOE mainly operate through amyloidogenic pathways.

Third, as acknowledged by the authors, the generalizability of 
the results may be limited by the predominance of non-Hispanic 
white, highly educated study participants. Fourth, genetic analyses 
need samples of considerable size, and the required sample size in
creases when assessing a complex phenotype like resilience (herit
ability among cognitively unimpaired subjects of both sexes 
estimated at 20–25% by the authors), compared to a more robust 
phenotype such as ‘having Alzheimer’s disease’ (estimated herit
ability ∼70% based on twin studies9). This is further exacerbated 
by sex stratification. While the sample size of ∼5000 well- 
phenotyped individuals is commendable because a resilience 
measure requires the availability of both a pathological and a cog
nitive marker at a similar time point, we stress the importance of 
replicating these findings in independent, and preferentially larger, 
samples.

To conclude, previous literature has shown that females are 
less resistant but more resilient to Alzheimer’s disease pathology 
than males. The current work suggests that genetic factors may 
contribute to the emergence of these sex-specific effects. While 
the findings in this work need replication in an independent data
set, they should encourage increased focus on sex stratification 
and sex interactions in genetic studies. Future possible avenues 
of research include the assessment of sex-specific genetic drivers 
of resilience to tau pathology or neurodegenerative markers, 
which show a stronger link with cognition and may provide a 
more robust estimate of resilience. Finally, assessment of genetic 
factors that underlie resistance to pathology (i.e. preventing its 

accumulation despite the presence of risk factors) will also be 
key, and these may be even more genetically determined than 
resilience.10
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